Target of rapamycin inhibition by rapamycin feeding has previously been shown to extend life in genetically heterogeneous mice. To examine whether it similarly affected mouse health, we fed encapsulated rapamycin or a control diet to C57BL/6Nia mice of both sexes starting at 19 months of age. We performed a range of health assessments 6 and 12 months later. Rapamycin feeding significantly reduced mTOR activity in most but not all tissues. It also reduced total and resting metabolic rate during the light (inactive) phase of the light:dark cycle in females only but had no effect on spontaneous activity or metabolism during the dark (active) phase of either sex. Males only had less fragmented sleep when fed rapamycin, whereas stride length and rotarod performance were improved in both sexes. Survival was also improved by this late-life rapamycin feeding, and some pathological lesions were delayed. We found no adverse health consequences associated with rapamycin treatment.
R APAMYCIN, a potent inhibitor of the target of rapamycin (TOR) kinase, robustly extends mouse life span in both sexes, in heterogeneous and inbred genetic backgrounds, whether administered in food or via injection and whether begun prior to complete physical maturity (2 months), in adulthood (9 months), or in later life (20 and 22-24 months) (1) (2) (3) (4) . Rapamycin treatment also increases replicative (5) and chronological (6) life span in yeast. Genetic inhibition of the TOR-signaling network also enhances longevity in worms, flies, and mice (reviewed in Kapahi et al.) (7) and has been implicated in dietary restriction's impact on longevity (7, 8) . However, complete loss of TOR signaling is detrimental, causing serious defects in growth and/or development in worms, flies, and mice (9) .
The TOR-signaling network generally promotes anabolic, but inhibits catabolic, processes. Thus, activation of TOR stimulates ribosome biogenesis, protein synthesis, and importation of nutrients into cells, which together result in increased cellular metabolism, growth, and proliferation (10) . Activation of TOR also inhibits stress-responsive pathways and protein degradation via autophagy. By contrast, TOR inhibition by nutrient restriction, stress, or pharmacological agents such as rapamycin does the opposite-retards protein synthesis, cell growth, and proliferation; enhances stress responsive transcription; and stimulates autophagy.
The generality of the effects of TOR inhibition on life span combined with the fact that rapamycin is already approved for human use raises the tantalizing prospect that rapamycin may extend human life. However, increasing life span without simultaneously increasing health span is a fool's errand, and whether the life-extending effects of rapamycin treatment are reflected in extended health has not yet been extensively investigated. Some evidence suggests that rapamycin might have protective effects against multiple degenerative processes. For instance, because of its antiproliferative effects, it is currently being investigated for therapeutic efficacy against several human cancers and vascular diseases (11, 12) . In mouse models, it has proven successful at delaying the onset of Alzheimer's pathology (13, 14) , at reducing cancer incidence (3) , at inhibiting the development of atherosclerotic plaques (15) , at enhancing vaccine response in aged mice (4) , and at delaying normal, age-related cognitive decline (16) . On the other hand, rapamycin could conceivably have deleterious effects on some aspects of health. For instance, its use as part of immunosuppressive therapy after organ transplantation (17) raises concerns about the impact of rapamycin on immune function. Additionally, because it inhibits protein synthesis, cellular processes requiring de novo protein synthesis such as growth, tissue repair, and regeneration may be compromised by chronic rapamycin administration. Thus, some rodent studies have observed that mTOR (the mammalian version) inhibition retards recovery from skeletal (18) or cardiac muscle injury (19) . Moreover, rapamycin has been reported to negatively affect neuronal long-term potentiation and memory consolidation (20, 21) . Furthermore, both human and rodent studies have associated inhibition of mTOR with insulin resistance (22) .
Given the uncertainty of chronic rapamycin administration on health, we initiated a study of its impact on longevity and a wide range of health parameters of C57BL/6 mice of both sexes. We employed the same food-administered dose that had previously been shown to extend life in genetically heterogeneous mice (1, 2) and assessed functional mTOR suppression in a variety of tissues. We initiated rapamycin feeding at either 4 or 19 months of age. In this article, we only present results of rapamycin fed from 19 months of age. Results from the mice fed rapamycin from 4 months of age will be covered in a subsequent article. The impact of chronic rapamycin in this mouse strain had not previously been evaluated except in a short-term study of older mice (4) .
Methods

Animals and husbandry
Care of animals employed UT Health Science Center Institutional Animal Care and Use Committees approved procedures. Animals were assessed for rapamycin concentration, autophagy, proteasome activity, mTOR signaling, and health at 25 months (after 6 months of treatment) and for health alone at 31 months of age (after 12 months of treatment). All behavioral and physiological assays were performed single blind, during the dark (active) phase of the 12:12 light cycle. Details of all experimental procedures may be found in the supplemental materials.
Animals.-Specific pathogen-free C57BL/6Nia mice were purchased from the National Institutes of Health colony reared in the Charles River Laboratories at 17 months of age and fed on food-containing encapsulated rapamycin or empty capsules (eudragit = control) at 19 months of age. Mice were maintained under barrier conditions by the UTHSCSA Nathan Shock Center Aging Animal and Longevity Assessment Core.
Diet Preparation
Microencapsulated rapamycin or empty microcapsules (control) were incorporated into Purina 5LG6 diet. The rapamycin diet was prepared at 14 ppm using methods described by Harrison et al. (1) .
Rapamycin Quantification
Rapamycin concentration was quantified in diet and uncoagulated whole-mouse blood by high-performance liquid chromatography with tandem mass spectrometry. Blood was collected from 25-month-old mice that had been on rapamycin for 6 months.
mtOR Signaling
Upon activation, the mTOR kinase phosphorylates the ribosomal protein S6, a substrate of S6K1. Therefore, we assessed the effect of rapamycin feeding on mTORC1 inhibition by the ratio of phosphorylated (at Ser 240 and Ser 244) to unphosphorylated ribosomal protein S6 in heart, kidney, liver, white adipose tissue, and brain. mTOR activation also inhibits autophagy. We employed a second measure of mTORC1 inhibition by quantifying autophagy, using LC3II/LC3I ratio. LC3I is a cytosolic protein, which after processing, converts to LC3II that then associates with the autophagosome membrane (23) . Thus, the LC3II/LC3I ratio indicates the extent of autophagosome formation. As rapamycin is known to decrease protein synthesis and enhance protein degradation via autophagy, we also wished to assess P62 activity. We measured the protein level of p62 using Western blot analysis with p62-specific antibody (Sigma, St. Louis, MO) (24) .
Proteasome Activity
As rapamycin is known to decrease protein synthesis and enhance protein degradation via autophagy, we wished to also observe what effect it might have on proteasome activity. Proteasome activity was measured as chymotrypsin-like enzyme activity of the 20S proteasome in heart, brain, liver, and kidney using a fluorescent substrate-based plate method as described elsewhere (25) .
Food Consumption
Food consumption and body mass were measured as described elsewhere (26) . Briefly, food consumption and body mass were measured weekly for 6 months in a subset of male and female control and rapamycin-fed mice (n = 15 per sex and treatment group), starting at 19 months of age (start of rapamycin feeding) until 25 months of age.
Body Composition
Lean mass, fat mass, and free water of each mouse were measured every month starting at 25 months of age (6 months of rapamycin treatment), using a quantitative nuclear magnetic resonance system (EchoMRI 3-in-1 System, Houston, TX).
Energetics and Spontaneous Activity
Resting metabolic rate, oxygen consumption, carbon dioxide production, and total metabolism were measured for a period of 24 hours using a MARS indirect calorimetry system (Sable Systems International, Las Vegas, NV). To assess total spontaneous activity and its temporal patterns, animals are individually housed for 36 hours in clear, plexiglass (40.6 × 22.9 × 14.0 cm) cages surrounded by a 2.5-cm grid of infrared sensors in the x, y, and z plane with normal access to food, water, and bedding. Sensors record spontaneous activity through the monitoring period. Animals are acclimated for the first 12 hours, following which activity data are collected for 24 hours, one light and one dark phase.
Movement and Strength Parameters
Gait analysis.-Gait analysis allows highly sensitive, noninvasive detection of many pathophysiological conditions including arthritis, neuromuscular, and skeletal muscle diseases. Mice were tested on the TreadScan (Clever Sys, Reston, VA) apparatus starting at 12 cm/s. Treadmill speed is adjusted until the mouse can maintain a consistent walking speed for 5 minutes. This device uses a high-speed digital camera to record the reflected images of the footpads at 80 frames/s. The output is fed directly to a computer program that employs mouse-specific algorithms to analyze more than 40 gait parameters.
Rotarod.-To assess balance and coordination, we trained mice to use the rotarod with an acceleration of 0.2 rotation/s starting from 4 rpm during four sessions, spanning 2 weeks. The average of six trials during the final fifth session is used to compare rotarod performance (latency to fall).
Grip strength.-We assessed fore-and hind-limb grip strength using a Grip Strength Meter with mesh grid pull bar (Columbus Instruments 1027 CSM) specifically designed for mice. Mice were allowed to grasp the pull bar with fore limbs and hind limbs and were then gradually pulled backward in a horizontal plane until they lost their grip. Maximum grip strength is recorded on the device. Mice are not trained prior to testing. The highest value from five consecutive trials is designated the mouse's maximum grip strength.
Survival Analysis
Relative survival was assessed both by Kaplan-Meier analysis and by Cox proportional hazard model, with sex and rapamycin as additive predictor variables. A model with a term representing the interaction of sex and rapamycin was also fitted but was found to not have a significantly better fit than the simpler additive model reported here.
Pathology
Full gross and histopathology was performed. Pathological lesions were identified and graded for severity as previously described (1-4). When possible, cause of death was identified. In total, 111 distinct types of lesions were identified. To ensure reasonable statistical power, analyses were performed only when a disease was present in at least 11 mice (control and rapamycin groups combined). Only 14 lesions met this threshold in males, and only 9 lesions met the criterion in females. All but three mice had glomerulonephritis; therefore, its prevalence is not reported. Only disease prevalence is reported here. For definition of lesion categories, lesion incidence, and cause of death, see Supplementary Materials.
Statistical Methods
For each continuous outcome, we used a linear mixedeffect model to simultaneously assess the effects of the threeway analysis of variance model with the factors age group, sex, and treatment. We considered all two-way and threeway interactions. A random intercept was used to model the correlations induced by repeated measures. We considered both original scale and log transformations based upon the normality of the distribution of residuals assessed by visual inspection of histograms. We also evaluated the homogeneity of variances with respect to factors like group and age using the Breusch-Pagan test (27) against heteroscedasticity. The associations of factors and interactions were tested using Type II sums of squares. All statistical methods were implemented using the R Program v2.13 (Vienna, Austria) with the nlme (28) and the lme4 (29) packages for mixedeffect models.
Results
Rapamycin levels
Six months of rapamycin feeding to C57BL/6Nia mice beginning at 19 months of age resulted in whole-blood concentrations of ~3-4 ng/mL rapamycin, as measured by high-performance liquid chromatography with tandem mass spectrometry ( Supplementary Figure 1 ). There was no difference in rapamycin levels between rapamycin-fed males and females although rapamycinfed females consumed significantly more food per gram body mass than rapamycin-fed males (repeated measures analysis of variance p = .004). These rapamycin levels are an order of magnitude lower than those previously reported in genetically heterogeneous mice fed the same diet initiated at roughly the same age (1) and about onethird the concentration found in those same heterogeneous mice with the diet initiated at 9 months of age (30) . It is highly unlikely that differences in food consumption between the C57BL/6 used in this study and genetically heterogeneous mice used in previous studies could produce an order of magnitude difference in whole-blood levels of rapamycin; thus, mouse genetic background appears to have a significant effect on absorption or metabolism of rapamycin.
Organ-Specific mtOR Activity
To determine the effects of long-term rapamycin administration on mTOR signaling in vivo, we quantified the phosphorylation of ribosome subunit 6 (S6), a downstream target of the mTOR. Decreased phosphorylation of S6 indicates inhibition of mTOR signaling. We found a moderate (15%-30%) but significant reduction of phosphorylated S6 (pS6) in heart, liver, kidney, and white adipose tissue from rapamycin-fed animals compared with controls ( Figure 1A and  B) . Surprisingly, rapamycin feeding did not similarly reduce S6 phosphorylation in homogenates of brain cortex, midbrain, or hippocampus (data not shown), suggesting either an unequal distribution of rapamycin among tissues or a tissuespecific response to rapamycin in these areas of the brain.
Inhibition of mTOR is known to enhance autophagy, and increased autophagy has been reported to extend life in other organisms (31, 32) . We hypothesized that enhanced autophagy may be a major mechanism through which rapamycin extends life in mice. To examine relative autophagic activity, we measured the steady-state level of LC3 conversion (ie, the ratio of LC3II/LC3I), which indicates the volume of cellular autophagosomes (33) . Rapamycin feeding increased LC3II/LC3I ratio significantly in liver, heart, and kidney tissues taken from Figure  5A ). Rapamycin feeding also significantly increased autophagy in white adipose tissue, with a greater increase observed in females (37%) compared with males (14%; p = .049, data not shown). Consistent with the previous results showing no difference in pS6 activity in brain tissue, the LC3II/LC3I ratio in brain tissue did not differ between rapamycin-fed and control mice. We also measured the levels of p62 by Western blots as p62 has been reported to be degraded during autophagy (24) . As the data in Supplementary Figure 5B show, we observed no significant change in p62 levels even though we observed changes in the LC3II/LC3I ratio in most tissues tested ( Figure 1C, Supplementary Figure 5A ). The utility of p62 as a marker of autophagy is somewhat controversial given that p62 is regulated both transcriptionally and posttranslationally (34) , and several studies have found that p62 levels did not change during autophagy (35, 36) .
We also evaluated the impact of rapamycin feeding on proteasome activity, finding a significant reduction of 20S chymotrypsin-like activity in liver and heart tissues from rapamycin-fed males and females. There was no similar reduction in brain cortex or kidney ( Figure 1C) .
Body Composition
We observed a steady decline with age in total body mass and percent body fat from 25 months in all groups except rapamycin-fed males (Figure 2A and C) , which maintained weight through 32 months of age. Neither rapamycin-fed females nor males differed in body mass from same-sex control-fed mice at the start of rapamycin feeding (age = 19 months, n = 15 per group, t test, p = .941 and p = .278, respectively); however, rapamycinfed males were lighter than control males at 25 months. Given these results, it is surprising that food consumption per gram body mass did not differ between rapamycin-fed Figure 2 . Body composition and rapamycin feeding. Total body mass is lower in (A) rapamycin-fed males at 25 mo of age (rapamycin treatment for 6 mo), but the mass difference gradually disappears with increasing age; however, rapamycin-fed males appear to maintain body mass at older ages compared with controls Treatment • Age • Sex p = .001. (B) Rapamycin-fed and control females do not differ in body mass at any age although both groups' body mass declines with age. (C and D) Rapamycin feeding does not affect percent body fat in either sex at any age. and control-fed males (p = .082, Supplementary Figure 4) . In contrast, rapamycin-fed females consumed less food per gram body mass than controls, and that difference increased with increasing age (p = .005, Supplementary  Figure 4 ). Given that control and rapamycin-fed females' body mass did not differ at any age, it is highly unlikely that this difference in food consumption represents selfrestriction. Regardless of treatment, females consumed more food per gram body mass than males at all ages (repeated measures analysis of variance p < .01). Previous work on genetically heterogeneous mice fed rapamycin from 20 months of age found no effect on weight gain (1), but when the same heterogeneous genotypes initiated rapamycin feeding at 9 months of age, there was a small but significant effect on weight gain (2) . There were no differences among treatments in percent body fat at any age ( Figure 2B and D) .
Metabolism and Spontaneous Activity
Surprisingly, metabolic rate per unit of lean body mass tended to increase with age in all groups between 25 and 31 months of age and was consistently lower for males relative to females (p << .001). Although there was no significant effect of rapamycin feeding during the dark (active) phase of the 24-hour light:dark cycle in either sex, there was a significant reduction in metabolism in rapamycin-fed females only during the light (inactive) phase and in resting metabolic rate (estimated using the 10 lowest metabolism values for an assessment period of 24 hours; Figure 3A ). Note that this difference is not likely due to a difference in thermal insulation as neither body mass nor percent body fat was affected by rapamycin feeding in females ( Figure 2C and D) .
Variation in total 24-hour activity differed dramatically between individual animals, regardless of treatment. Given this variability, there was no effect of rapamycin Figure 3 . Energetics and activity. (A) Metabolic rate was significantly reduced in females only by rapamycin feeding during the light (inactive) phase of 24-h light:dark cycle and when mice were resting; however, there was no effect during the dark (active) phase. Note that metabolic rate increased with age irrespective of treatment, and females always exhibited higher metabolic rate than males. (B) Total activity showed no clear pattern with age and was not affected by rapamycin feeding. (C) Sleep was increasingly fragmented with age (greater number of sleep bouts per hour of sleep), but rapamycin-fed males had less fragmented sleep than controls.
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Temporal sleep patterns can be monitored in C57BL/6 mice by analyzing periods of inactivity of a critical length (37) . Using this metric, sleep fragmentation, as assessed by number of sleep bouts per hour sleep, increased with age ( Figure 3C , p = .028), as has been reported many times for both mice and humans. Overall, rapamycin feeding reduced sleep fragmentation (p = .006); however, the effect was strongly sex-specific. Upon analyzing the sexes separately, there was a nonsignificant trend for rapamycin-fed females to have more fragmented sleep than controls (p = .20), whereas rapamycin-fed males clearly had less fragmented sleep (p = .003). Rapamycin, in other words, maintained males-and only males-in a more youthful sleep pattern. This technique of high-throughput sleep assessment has only been validated in male C57BL/6 mice (33), so the implication of the female trend is unclear.
Movement and Strength Parameters
Rapamycin feeding affected numerous gait parameters in a non sex-specific manner. Therefore, we combined data for the two sexes. To simplify the analysis, we focused on one parameter with intuitive significance and human relevance-stride length-which is known to decline with age in humans (38) . Stride length did indeed decline with age between 25 and 32 months in control mice but not in rapamycin-fed mice such that there was a statistically significant difference (p = .007) at 32 months of age ( Figure 4A) .
Grip strength was not related to individual body mass (r 2 = .074, p = .10), so we analyzed grip strength without correcting for body size. We found no significant decline between 25 and 31 months of age and no statistically significant effect of rapamycin feeding ( Figure 4B ).
Rotarod performance (latency to fall) is known to be affected by body size, lighter individuals perform better. Indeed, we also found a weak but significant effect of body size ( Supplementary Figure 2) . However, as body Figure 4 . Motor and muscular function. (A) Stride length declined with age in controls but showed no change in rapamycin-fed mice. (B) Grip strength was not affected by rapamycin feeding. (C) Rotarod performance improved with rapamycin feeding with similar patterns among the sexes. (D) There were no significant differences in hind-limb muscle mass between rapamycin-fed and control animals of either sex at 25 mo of age (6 mo of rapamycin treatment). Wet weight of each individual muscle normalized to whole-body weight (n = 18-23). Gast = gastrocnemius; TA = tibialis anterior; Quad = quadriceps. size did not differ between rapamycin-fed mice and controls ( Figure 2 ), we did not correct for body size in this analysis either. There were negligible differences between rapamycin-fed animals at 25 months of age ( Figure 4C ) but substantial and significant differences in both sexes by 31 months (p = .015) due to trends for increasing latency to fall in rapamycin-fed animals and decreasing latency in controls.
In sum, rapamycin feeding improved gait and rotarod performance and had no effect on grip strength.
Survival
Rapamycin feeding significantly diminished mortality in C57BL/6Nia mice even when initiated at 19 months of age according to a Cox Proportional Hazard model incorporating dietary treatment and sex; rapamycin-fed mice displayed lower mortality than controls, and males exhibited lower mortality than females (Table 1) , with no interaction between sex and dietary treatment (p = .53, data not shown). A standard but less powerful Kaplan-Meier analysis on sexes individually indicated a significant improvement of survival in females and lack of a statistically significant effect in males ( Figure 5 ).
Pathology
Rapamycin feeding begun in older C57BL/6 did not affect the prevalence of fatal pathological lesions ( Table 2) . Isolated effects on lesion prevalence and severity were found in males only and on disease burden in females only ( Supplementary Tables 1-3 ). Specifically, females fed rapamycin displayed lower numbers of neoplastic lesions (p = .008) and adenomas (p = .04) than controls ( Figure 6 ). Given the false discovery rates associated with so many analyses, these statistically significant results should be interpreted with caution.
Discussion
We have shown that chronic administration of enteric rapamycin initiated at 19 months of age improves survival and enhances multiple measures of health in later life in C57BL/6Nia mice. This is not the first report of extended longevity due to rapamycin in C57BL/6 mice. Rapamycin treatment in 22-to 24-month-old males of the same genotype was previously reported to increase longevity and preserve hematopoetic stem cell function (39) . We found a number of additional health benefits, however, including maintenance of more youthful late-life stride length and rotarod performance in both sexes, as well as preservation of body weight and reduced sleep fragmentation in males only. Only in females, we observed reduced resting and total metabolic rate during the light (inactive) phase of their 24-hour light:dark cycle. Because females in our two groups did not differ in body composition, this lower resting metabolic rate suggests that body temperature might possibly be reduced in this sex only. There was no impact in either sex on metabolic rate during the active (dark) phase of the 24-hour light:dark cycle or on total amount of spontaneous activity. Rapamycin-fed females also exhibited a greater survival enhancement than males, as has been previously reported in genetically heterogeneous mice (1, 2) . Sex differences were also present in end-of-life pathology, with males experiencing reduced prevalence and severity of some lesions and females displaying reduced neoplastic disease burden relative to age-matched controls ( Supplementary  Tables 1-4 ).
Sex specificity of treatments that retard aging and/or extend life has been seen repeatedly in mice (40) (41) (42) (43) (44) and flies (45, 46) , the two model systems in which both sexes are commonly studied. However, the sex specificity of effects in our study are particularly complex, with males seemingly more beneficially affected in terms of late-age body weight maintenance, sleep pattern, and some measures of pathology and females more beneficially affected in longevity and other measures of pathology. Sex differences in response to life-extending treatments appears to be a widespread phenomenon that deserves more attention, particularly because in humans, men and women age differently in similarly complex ways (47) .
A completely unanticipated result was the improvement in sleep consolidation in male mice resulting from rapamycin feeding. Although rapamycin has been previously reported to have various psychotropic effects, improvement in sleep is not one of these effects although it is not clear whether it has ever been investigated. It is tempting to speculate that some of the rapamycin-induced cognitive and noncognitive behavioral benefits, such as reduced depression and anxiety (48, 49) , reported recently may be due to improved sleep. Sleep fragmentation is known to compromise cognitive function (50) . Conversely, it is possible that the improved sleep consolidation is a consequence of reduced depression and anxiety, which may still benefit cognitive function.
Blood levels of rapamycin in these C57BL/6Nia mice were about an order of magnitude lower than that in genetically heterogeneous mice fed the same diet from about the same age (1), indicating a clear genetic background effect in either drug absorption or metabolism. However, decreased Notes: Coefficients represent the log of the effect of the corresponding predictor variable (sex or treatment) on risk of death, and the exponentiated values in the following column are a direct estimate of risk of death for males relative to females and rapamycin-fed relative to control animals. SE and Z indicate the corresponding standard error and Z-score, respectively. The p value is the significance level for rejecting the null hypothesis that sex and diet have no effect. N = 180.
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Interestingly, in a number of the tissues in which autophagy was significantly increased, proteasome activity was simultaneously decreased ( Figure 1C ). As inhibition of mTOR is known to reduce the rate of protein synthesis and increase protein degradation via autophagy (10) , it may be that, as yet undescribed, cellular homeostatic mechanisms compensatorily inhibit other protein degradation pathways such as the ubiquitin-proteasome system. Somewhat unexpectedly, we note that inhibition of mTOR in the brain was not detected in these experiments. This was unexpected because of the previously demonstrated cognitive benefits seen with rapamycin treatment (16, 48) and the fact that rapamycin is known to cross the blood-brain barrier (52) . However, the phosphorylation status of S6 has been reported to be a poor biomarker of mTOR inhibition in the brain (52) . In addition, cognitive benefits have not been reported in mice fed rapamycin at such a late age as in this study. , and (C) Both sexes combined control (n = 87) and rapamycin fed (n = 90). Controls are shown in grey and rapamycin-fed mice in black. The survival curves were compared using the Cox-Mantel log-rank test, the p-values for males, females, and the sexes combined are shown; sex • treatment interaction was not significant (p = .532). A more powerful Cox Proportional Hazards Model found a significant effect of rapamycin feeding (p = .01) and sex (p = .02). See text for details.
There were a priori reasons to suspect that rapamycin feeding might have some unwanted side effects on health. For instance, mTORC1 activity has been shown to be essential for muscle repair and maintenance, and it has been shown that rapamycin can inhibit muscle hypertrophy and recovery from atrophy in vivo (53, 54) . Rapamycin has also been reported to inhibit recovery from injury and growth in the dorsal root ganglia of the peripheral nervous system (55) . Moreover, a previous study on genetically heterogeneous mice fed rapamycin from a much younger age (9 months) showed accelerated cataract development and testicular degeneration by the time of sacrifice at 22 months (56) . However, in our study in which rapamycin feeding was initiated, and health assessed, much later in life, far from damaging motor function, coordination, or balance in aging mice, rapamycin-fed mice had either enhanced function or no worse function than age-matched controls. We did not investigate cataract formation, and the age at which our mice were necropsied, testicular degeneration was considerably more advanced in both treated and control males.
Similarly, there have been previous reports that inhibition of mTOR harms long-term memory in mice (20, 21) .
However, identical doses of enteric rapamycin to that used here have been reported to prevent normal age-related cognitive decline (16, 48) . Furthermore, rapamycin is used in combination with other drugs as an immunosuppressive agent (57); however, rapamycin alone has been reported to improve vaccine response in older mice (39) and to protect them from some respiratory pathogens (58) . It is not clear at present why these potential side effects have not been seen in our studies. However, one possibility is that rapamycin enterically delivered in normal chow maintains a low-tomoderate continuous level of bioavailability compared with when the same drug is received as an injectable bolus as is commonly done in mice or orally, where circulating levels may spike to very high levels and then gradually taper off before spiking again at the next treatment.
It is important to emphasize that the results observed here are specific to C57BL/6Nia mice chronically fed rapamycin beginning relatively late in life (19 months of age). We did not observe some effects such as slower loss of spontaneous activity, which have been seen in mice treated with rapamycin earlier in life (2, 30) . Moreover, although we Figure 6 . Effect of rapamycin on pathology burden in females. (A) Neoplastic lesion burden increases with age but is significantly lower in rapamycin-fed females than controls (p = .008, false discovery rate = 4.1%). (B) Adenoma burden also increases with age but is significantly lower in rapamycin-fed females than controls (p = .04, false discovery rate = 9.7%). Box plots mean and 75% CI, whiskers 95% CI sample size within box.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/69A/2/119/514438 by guest on 10 December 2018 saw a delay is some pathologies, we did not see the robust delay in pathological lesions that have been reported when rapamycin feeding is begun earlier (30) . Age of initiation and duration of rapamycin administration clearly affects its organismal impact. For instance, UM-HET3 mice when fed diets containing 14 ppm microencapsulated rapamycin from 9 to about 26 months of age achieved blood levels of 60-70 ng/mL, whereas the same genotype fed the same diet from 3 to 4 months of age for the next 6 months only achieved a mean of 13.4 ng/mL (1, 30) . By comparison, our C57BL/6Nia mice on the same rapamycin diet from 19 to 25 months of age exhibited blood levels of only 3-4 ng/mL. So there is a genotype and an age effect.
In sum, we have documented that enteric rapamycin fed from 19 months of age has beneficial effects on both life span and health span of C57BL/6Nia mice and that a number of these effects are sex specific. Several potentially unwanted side effects have not been seen in these mice at this dose and this route of administration.
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Supplementary material can be found at: http://biomedgerontology. oxfordjournals.org/. 
